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Shu Shyan Wong1, Stephen A. Ainger1, J. Helen Leonard2 and Richard A. Sturm1
Variant alleles of the human melanocortin 1 receptor (MC1R) reduce the ability of melanocytes to produce the
dark pigment eumelanin, with R alleles being most deficient. Cultured melanocytes of MC1R R/R variant
genotype give reduced responses to [Nle4, D-Phe7]a-melanocyte-stimulating hormone (NDP-MSH) ligand
stimulation and lower levels of DNA repair than MC1R wild-type strains. p38 controls xeroderma pigmentosum
(XP)-C recruitment to DNA damage sites through regulating ubiquitylation of the DNA damage–binding protein
2 (DDB2) protein, and p53 is implicated in the nuclear excision repair process through its regulation of XP-C and
DDB2 protein expression. We report the effects of MC1R ligand treatment and UVR exposure on
phosphorylation of p38 and p53, and DDB2 protein expression in MC1R variant strains. Wild-type MC1R
melanocyte strains grown together with keratinocytes in coculture, when treated with NDP-MSH and exposed
to UVR, gave synergistic activation of p38 and p53 phosphorylation, and were not replicated by R/R variant
melanocytes, which have lower basal levels of phosphorylated forms of p38. Minor increases in p38
phosphorylation status in R/R variant melanocyte cocultures could be attributed to the keratinocytes alone. We
also found that MC1R wild-type strains regulate DDB2 protein levels through p38, but MC1R R/R variant
melanocytes do not. This work confirms the important functional role that the MC1R receptor plays in UVR
stress–induced DNA repair.
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INTRODUCTION
In earlier studies, we utilized primary cultures of neonatal
melanocytic cells genotyped for melanocortin 1 receptor
(MC1R) and showed that wild-type (WTþ /þ ) MC1R strains
exhibited increased dopachrome tautomerase (DCT) mRNA
and protein expression when treated with the activating
ligand [Nle4, D-Phe7]a-melanocyte-stimulating hormone
(NDP-MSH) (Roberts et al., 2008). However, MC1R red hair
color (RHC) homozygote (R/R) variants R151C/ and
R160W/, and a compound heterozygote of R151Cþ /
R160Wþ / had little induction of DCT mRNA and protein
expression.
We have previously reported that exposure to UVR
induces both cyclobutane pyrimidine dimers and pyrimidine
(6-4) pyrimodone photoproducts in WT MC1R melanocytes
(MCs) cocultured with keratinocytes (Roberts et al., 2008),
consistent with that reported in monoculture experiments
(Abdel-Malek et al., 2010; Kadekaro et al., 2010). Others
have shown that the repair of cyclobutane pyrimidine dimers
is either abrogated or slower in human MCs, with a loss of
MC1R function, and the ability to repair DNA damage is
independent of the amount of pheomelanin or eumelanin
contents and their associated MC1R genotypes (Hauser et al.,
2006; Abdel-Malek et al., 2009).
Once DNA damage occurs, the nuclear excision repair
(NER) system is activated to repair cyclobutane pyrimidine
dimers and pyrimidine (6-4) pyrimodone photoproducts
(Tuteja and Tuteja, 2001; Sugasawa, 2009a). NER proceeds
through two distinct pathways: global genomic repair and
transcription-coupled repair (Ichihashi et al., 2003). Both
pathways are designed to remove UVR-damaged DNA by
recruiting different factors, such as xeroderma pigmentosum
(XP)-B, XP-A, XP-C, DDB1, DNA damage–binding protein 2
(DDB2) (XP-E), and Cul4A onto lesions for repair (Araujo and
Wood, 1999; Batty and Wood, 2000; Liu et al., 2009; Nishi
et al., 2009). p38 kinase activity is required for prompt repair
to occur (Zhao et al., 2008, 2009; Cao and Wan, 2009),
and increased p38 phosphorylation is implicated in the
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recruitment of XP-C, a DNA damage response protein to the
damaged sites through ubiquitylation of DDB2 (Wang et al.,
2004; Ford, 2005; Stoyanova et al., 2009; Sugasawa, 2009b).
Crosstalk between MC1R activation and the p38 mitogen-
activated protein kinase pathway has been well documented
(Corre et al., 2004, 2009). We previously reported p38
phosphorylation after exposure of WT MC1R MCs to UVR,
which was synergistically increased by concomitant treat-
ment with the MC1R ligand a-MSH (Newton et al., 2007).
However, p38 phosphorylation was impaired in R/R variant
MCs, emphasizing the role of MC1R allele status in p38
activation.
UVB radiation has been found to activate the p38
pathway, which merged with the DNA damage p53 pathway
through phosphorylation of p53 at serine 392 and serine 15.
Moreover, the p38/p53 pathways play a key role in protecting
human keratinocytes against UVR exposure (Chouinard et al.,
2002; Horikawa-Miura et al., 2007; Mouchet et al., 2010).
In response to DNA damage, p53 is induced and activated,
which in turn transcriptionally regulates expression of the
global genomic repair–specific damage recognition factors,
DDB2 and XP-C (Adimoolam and Ford, 2003). The p53
protein has also been implicated in the NER process by
regulating Gadd45 (Smith and Seo, 2002) and interacts
directly with the XP-B and XP-D proteins (Wang et al., 1996;
Spillare et al., 2006). Thus, there is a need to investigate the
effects of MC1R variant alleles on the roles of p38, p53, and
DNA repair, as well as melanogenesis in primary MCs and in
coculture with keratinocytes.
RESULTS
Melanoblasts differentiate and exhibit similar protein and
mRNA responses to melanocytes upon MC1R activation in
coculture with keratinocytes
MC growth in culture requires addition of high concentra-
tions of cholera toxin, a stimulator of cAMP, one of the
downstream targets of MC1R activation. This makes exam-
ination of MC1R activation difficult and MCs have to be
grown minus this supplement for some time before experi-
ments in order to obtain meaningful results. The precursor
cells to MCs, melanoblasts (MBs), do not have this require-
ment when grown in a defined medium. Once placed in the
coculture system, MBs differentiate to MCs within 7 days, as
demonstrated by activation of pigmentation genes (Cook
et al., 2003). However, before proceeding, to ensure that
previous results with MCs were replicatable with MBs, the
activation of DCT after treatment with the MC1R ligand
NDP-MSH in MB/keratinocyte cocultures was measured and
compared with those previously obtained for MC/keratino-
cyte cocultures (Roberts et al., 2008). Proteins and RNAs
were extracted from cell lysates prepared from MC1R WT
strains QF1193 MB and QF863 MC in coculture with
keratinocytes at 1, 4, and 7 days post-treatment with NDP-
MSH. Immunodetection of DCT protein showed that for
untreated (control) cells at day 1, MB seeded cultures
expressed over a 100-fold greater level of DCT than MC
cocultures (Supplementary Figure S1a online). However, by
7 days, the fold induction of DCT after NDP-MSH treatment
was similar, with a 6.6-fold increment in MB cocultures
compared with 11-fold for MC cocultures (Figure 1a, as
detected by different exposure times). Forskolin, which
directly activates cAMP, but not through MC1R, gave levels
of 13-fold compared with 148-fold for MC cocultures at
7 days post-treatment. The basal level of tyrosinase-related
protein 1 (TYRP1) protein in untreated MB cocultures was
also higher than that in the MC cocultures (Figure 1a).
Consistent with our previous report for MC cocultures,
neither MBs nor MCs in coculture showed strong induction
of TYRP1 protein by NDP-MSH at any time point (Roberts
et al., 2008).
Analysis of DCT, TYRP1, and vimentin mRNA expression
by real-time quantitative reverse-transcriptase–PCR from
cocultures (two MB strains (QF1193 and QF1236) and one
MC strain (QF863)) demonstrated for MBs a 27-fold induction
of DCT mRNA in cells treated with forskolin compared with
an 80-fold increment for MC cocultures (QF863MC).
Reduced increments for MBs were also seen after NDP-
MSH treatment with a 5-fold induction at day 7 (QF1193MB)
(Figure 1b and Supplementary Figure S1b online; data for
QF1236MB not shown) compared with a 25-fold increase
for MC cocultures. Although responses were reduced in MB/
keratinocytes cocultures compared with MC/keratinocytes
cocultures, the trends were the same and support the use of
MBs in our further studies on MC1R activation, especially as
the need for high levels of cholera toxin in MCs would affect
results.
p38 and p53 activation in keratinocytes in response to UVR
exposure
Before investigating the effects of UVR on p38 and p53
signaling in cocultures of MB strains of defined MC1R
genotype and pooled keratinocytes, we first needed to
examine monocultures of MBs and keratinocytes to eluci-
date responses specific to each cell type. Irradiation of
keratinocytes (20mJ cm2 UVB), followed by NDP-MSH
(20 nM) or media alone for the time points indicated in
Figure 2, revealed activated phosphorylated forms of p38
(pp38) and p53 (pp53). A small increase in pp38 by
15minutes was sustained at 30minutes after UVR exposure,
with a 1.5- and 2.2-fold induction, respectively, returning to
control levels by 1 hour. Only a slight activation of p53 was
observed, with a 1.5-fold induction at 1 hour post UVR.
Treatment with NDP-MSH alone or jointly with UVR
resulted in no or small increases in phosphorylation of p38 at
any time point. Phosphorylation of p53 in response to UVR
was low, but sustained with a long-term effect in keratino-
cytes up to 72 hours (Figure 2; data beyond 3 hours not
shown). However, NDP-MSH treatment had no effect, but
increased to 2.3-fold at 1 hour concomitant with UVR
exposure.
Activation of p38 and p53 in MB monocultures is dependent on
MC1R genotype
Concurrent investigations on the effects of UVR and NDP-
MSH treatment on individual cultures of MBs using wild-type
(WTþ /þ ) strain QF1193MB and R/R (R151C/) strains
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QF1108MB and QF1416MB were undertaken. For WT MBs,
western blot analysis demonstrated early phosphorylation of
p38 at 15minutes post UVR or after NDP-MSH treatment
alone with increases of 2.3- and 1.7-fold, but no synergistic
induction (1.5-fold) by combined treatments (Figure 3).
Similar results were seen at 30minutes; however, at 3 hours,
there was an increase in the levels of phosphorylated p38
after UVR to 3.2- and 4.2-fold after the combined treatments
(Figure 3).
Activation of p53 phosphorylation by UVR was observed
as early as 15minutes and lasted to 3 hours (Figure 3), with an
increase of 3.3-fold at this time point, and a slight synergistic
activation of NDP-MSH and UVR was seen at the early
15minutes time point. Treatment with NDP-MSH appeared
to give a bi-phasic pp53 response with raised levels at
15minutes (1.2-fold increase), a return to control level
0.9-fold control levels at 30minutes and a drop at 1 hour to
0.3-fold, followed by an increase at 3 hours to 1.9-fold.
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Figure 1. Dopachrome tautomerase (DCT) and tyrosinase-related protein 1 (TYRP1) protein and mRNA expression in melanocytes and melanoblasts
cocultured with pooled keratinocytes. Cocultures of melanocytes (QF863MC) or melanoblasts (QF1193MB) with human keratinocytes (pools) were
untreated (C), or treated with 20 nM [Nle4, D-Phe7]a-melanocyte-stimulating hormone (NDP-MSH) (N), or 10 mM forskolin (F) for 1, 4, or 7 days before harvesting
for (a) DCT and TYRP1 protein analysis on western blots. As the intensity for MB DCT lanes was much greater than MC DCT lanes, a shorter autoradiographic
exposure is presented for MB DCT lanes (see Supplementary Figure S1a online for the single exposure data). (b) DCT mRNA expression with quantitative
real-time PCR analysis. Both antibodies for involucrin and vimentin were used as an internal control for keratinocytes and melanocytic cells, respectively.
FSK, forskolin; mRNA, messenger RNA.
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Similar responses of p38 and p53 were also found in other
WT MC1R strains (QF1236 and QF1179).
Previously, we reported that several homozygous RHC
variant MC1R allele strains of MCs in cocultures had
diminished DCT protein induction, and DCT, TYRP1, and
MITF mRNA expression, after treatment with NDP-MSH
ligand (Roberts et al., 2008). However before examining
activation of p38 and p53 in MB R/R variant cocultures, it
was important to understand their response to NDP-MSH and
UVR in monoculture. In contrast to MC1R WT strains,
phosphorylation of p38 was not activated even at 3 hours
post-treatment for UVR or NDP-MSH in R/R MB strains
QF1108MB and QF1416MB (Figure 3, quantitation not
shown). Although similar levels of total p38 protein were
detected in all samples at all time points, the levels of pp38 in
R/R cells under all treatment conditions were below that seen
in the WT-untreated cells. Thus, these R/R variant strains
appear not be able to trigger p38 activation in response
to UVR or NDP-MSH stimulation. Phosphorylated p53
was present in sufficient quantity to allow quantitation, and
revealed that R/R MB strains have also an impaired activation
of p53, with little significant increase of p53 phosphorylation
at the 3 hours time point.
Immediate pp38 and pp53 responses to UVR and NDP-MSH in
MB-keratinocyte cocultures
On the basis of the above outcomes of monoculture studies,
the effects of UVR and/or NDP-MSH on MBs in coculture
were investigated. Cocultures were exposed to UVR and/or
NDP-MSH and harvested 15minutes after treatment. Com-
parison was made between an MC1R WT (QF1193) and an
R/R variant strain (QF1108) in coculture (Figure 4). Interest-
ingly, UV exposure of MC1R WTþ /þ cocultures lead to a
rapid burst of activation of p38 (3.4-fold) within 15minutes,
which by the 30minutes time point had already peaked. In
contrast, the R/R variant had a diminished level of activation,
only reaching a peak activation (2.6-fold increase) at
15minutes, which again then declined. NDP-MSH treatment
of the WT strain resulted in a 2-fold increase in p38
phosphorylation and the response was slower, taking 3 hours
to rise; however, no response at all was seen with the R/R
variant strain, reflecting the results observed in monoculture.
NDP-MSH treatment, however, appeared to have some
synergy with UVR for p38 activation in the WT strain, with
an increase for concomitant treatment at 30minutes of 3.7-
fold compared with 2.3-fold for UVR alone, and for 3 hours
an increase of 2.8-fold compared with 1.6-fold.
Notably, for p53 activation the response of WT cells
treated with UVR was slower than pp38, with 3.4- and 3.3-
fold responses observable at the 30minutes and 1 hour time
points (Figure 4). There was a diminished response of only
1.4- and 1.9-fold at these time points for the variant strain.
The effects of NDP-MSH treatment on p53 activation in
cocultures appear to be minimal, with little pp53 detectable
in either WT or variant strains at any time point. However,
when combined with UVR there was synergistic activation of
p53, especially later in the assay with a 4.6-fold increase for
the WT strain at the 1 hour time point and interestingly a peak
synergistic activation in the variant strain of 3.8-fold
at 1 hour, which had reduced to 1.5-fold by the 3 hours
time point.
Comparison of the results for the variant strain in
monoculture and coculture demonstrates that in contact with
keratinocytes, the R/R variant strain QF1108 was able to
illicit a response to UVR, by phosphorylating p38 (2.6-fold
increase at 15minutes; Figure 4) in contrast to no pp38 being
detectable in the monoculture (Figure 3).
Role of p38 activation in DNA repair and effect of MC1R
genotype
It is acknowledged that during UVR, DNA repair proteins are
recruited into DNA-damaged sites such as cyclobutane
pyrimidine dimers and pyrimidine (6-4) pyrimodone photo-
products. The induction of p38 enhances the degradation of
proteins such as DDB2 through increased ubiquitylation,
allowing recruitment of other DNA repair proteins such as
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Figure 2. p38 and p53 protein activation in human keratinocytes treated with [Nle4, D-Phe7]a-melanocyte-stimulating hormone (NDP-MSH) and/or UVR.
Keratinocytes were untreated (C), or exposed to UVR (20mJ cm2) (U), 20 nM NDP-MSH (N), or both treatments (UN), and then incubated for the time indicated
above. Activated p38 (pp38), p53 (pp53), and total protein p38 and p53 were analyzed using western blots. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control in these experiments. Anti-phospho-p38 (pp38) and anti-phospho-p53 (pp53) were used to detect changes in the
activation of these proteins. Quantitation of pp38 and pp53 phosphorylation was carried out by normalization to GAPDH and the ratio relative to the
total protein of p38 or p53 is indicated below each lane. The figure shown is representative of two repeated experiments.
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XP-C to the damaged site facilitating repair. In order to further
investigate the role of p38 in NER, keratinocytes and WTþ /þ
MC1R QF1193MB, in both monoculture and coculture, were
pre-exposed to the specific p38 inhibitor SB203580 and then
irradiated with UV and incubated for a further 1 hour or
2 hours before cell extraction. Western blot analysis demon-
strated a nonsignificant reduction in the levels of DDB2 in
keratinocyte monocultures at 1 hour and 2 hours post UVR,
and a 0.7-fold reduction with NDP-MSH at both time points
(Figure 5a).
In the MB monocultured cells, DDB2 protein levels were
increased slightly in WT and variant strains by SB203580
alone (Figure 5b). In WTþ /þ QF1193MB pre-exposed to the
inhibitor, DDB2 protein was degraded to a 0.1-fold level of
the control after UVR in the first hour, and recovered to 0.7-
fold after 2 hours post UVR. For R/R QF1416MB mono-
cultures, UVR alone without p38 inhibition gave a reduction
only to 0.8-fold at 1 hour, which had recovered at 2 hours.
Addition of the inhibitor gave a reduction to 0.6-fold
compared with 0.1-fold for WT.
Interestingly, NDP-MSH treatment reduced DDB2 levels
in WT cells to 0.3-fold at 1 hour, and this reduction was
ameliorated by the p38 inhibitor. Levels had recovered by
2 hours, with a slight increase in DDB2 protein in NDP-MSH-
treated cells (1.8- and 1.3-fold). In contrast, treatment of the
R/R variant strain with NDP-MSH appeared to stimulate
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Figure 3. p38 and p53 protein activation in human melanoblasts treated with [Nle4, D-Phe7]a-melanocyte-stimulating hormone (NDP-MSH) and/or UVR.
Melanoblast (WTþ /þ strain QF1193 and R151C/ strains QF1108 and QF1416) monocultures untreated (C), or exposed to UVR (20mJ cm-2) (U), 20 nM
NDP-MSH (N), or both treatments (UN) were harvested for the analysis of anti-phospho-p38 (pp38) and anti-phospho-p53 (pp53) activation.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control in these experiments. pp38 and pp53 were used to detect changes
in the activation of these proteins. Quantitation of pp38 and pp53 phosphorylation was carried out by normalization to GAPDH and the ratio relative
to the total protein of p38 or p53 is indicated below each lane. WT, wild type.
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DDB2 expression with a 1.3-fold increase and no change
with p38 inhibition.
In the WTþ /þ QF1193MB cocultures (Figure 5c), DDB2
was again degraded by UVR within 1 hour whether or not
p38 was inhibited (0.3- and 0.5-fold), but in contrast to the
MB monocultures, there was no recovery of the level at
2 hours in the p38 inhibited sample (0.4-fold in coculture).
NDP-MSH treatment of the cocultures reduced the DDB2
protein levels, with p38 inhibition having little effect (0.7-
and 0.8-fold) at the 1 hour time point, which is slightly less
of a reduction than that seen in monoculture (0.3-fold);
however, more noticeable was the lack of a recovery in the
level of DDB2 at 2 hours (1.8- and 1.3-fold in monoculture
vs. 0.8- and 0.3-fold in coculture).
DISCUSSION
This study has investigated the responses of p38, p53, and
DNA repair protein DDB2 to UVR and the NDP-MSH ligand
treatment, and the role of MC1R polymorphisms in these
responses. The experiments were carried out using primary
cells propagated as MBs, induced to differentiate to MCs, in a
keratinocyte coculture model system. Our results revealed
that MB-derived cocultures had a higher basal level of DCT
expression than MC cocultures, but in response to stimuli
showed similar patterns of expression (Figure 1). This is
consistent with our previous findings (Cook et al., 2003) of
DCT being expressed in MB monocultures and levels being
diminished as differentiation to MCs occurred and they
became more pigmented. DCT is one of the melanocytic
markers of MBs and has been implicated in a delay in
eumelanogenesis (Sturm et al., 1995), with its protective
cellular role against reactive oxygen species now being
realized (Panzella et al., 2011).
Before conducting coculture studies, the effects of UVR
and NDP-MSH on keratinocytes in monoculture were
analyzed. As MC1R is not expressed on keratinocyte cells,
neither p38 nor p53 were significantly activated in the
presence of NDP-MSH at any exposure time point. Immedi-
ate p38 and p53 responses were observed at 15–30minutes
with UVR exposure, with approximately 2-fold or less
increases found over untreated cells. The involvement of
p38 and its activation upon UVB radiation has been widely
studied in immortalized keratinocyte HaCaT cells, human
keratinocytes (Chen and Bowden, 2000; Huynh et al., 2009;
Li et al., 2010), and in mouse keratinocytes (Black et al.,
2008). It was reported that phosphorylation of p38 can be
detected as early as 5minutes in primary mouse keratinocytes
exposed to 25mJ cm2 UVB (Black et al., 2008). In our study,
phosphorylation of p38 was upregulated up to 3 hours with
both UVR and UVR/NDP-MSH stimulation, although there
was no significant upregulation of phosphorylation of p38
with NDP-MSH alone at all time points, indicating that the
p38 response is not mediated through the MC1R receptor in
these cells (Roberts et al., 2006, 2007).
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Figure 4. p38 and p53 protein activation in human melanoblasts cocultured with pooled keratinocytes treated with [Nle4, D-Phe7]a-melanocyte-stimulating
hormone (NDP-MSH) and/or UVR. Coculture cells of melanoblasts (QF1193 WTþ /þ and QF1108 R151C/ strains) and pooled keratinocytes
untreated (C), or exposed to UVR (20mJ cm2) (U), 20 nM NDP-MSH (N), or both treatments (UN) for 15minutes, 30minutes, 1 hour, and 3 hours before
harvesting for western blot analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was an internal control for the experiments. Quantitation of
phosphorylated forms of p38 (pp38) and phosphorylated forms of p53 (pp53) phosphorylation was carried out by normalization to GAPDH and the ratio
relative to the total protein of p38 or p53 is indicated below each lane.
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Previous reports for both HaCAT cells and primary
keratinocytes demonstrated upregulated serine 15-p53 phos-
phorylation with UVB exposure up to 16 hours (Rezvani
et al., 2006, 2007). Therefore, it is reasonable to expect that
p53 activation response to UVR will last longer in our
primary culture experiments than the p38. Our studies
showed that for keratinocytes, p53 was upregulated by
UVR to 3 hours (Figure 2) and even to 72 hours (data not
shown), but that the fold increase was less than 2-fold. NDP-
MSH treatment alone did not significantly upregulate p53
phosphorylation.
The levels of p38 activation in WTþ /þ cocultures were
similar to their monoculture counterparts. However, the
increases in the fold of induction of pp53 were greater than
that in monoculture. This might be attributed to the additive
effects from the paracrine interaction between the melano-
cytic cells and the keratinocytes. Increases in pp38 in the R/R
variant cocultures were still significant with UVR stimulation,
but the magnitude of the induction was much lower
compared with the MC1R WTþ /þ strains, and NDP-MSH
treatment did not enhance p38 activation at any time point.
The results suggested that p38 activation was significantly
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Figure 5. DNA damage binding protein 2 (DDB2) protein expression in human keratinocyte and melanoblast (MB) monocultures and cocultures.
(a) Keratinocyte monocultures; (b) QF1193 WTþ /þ and QF1416 R151C/ MB monocultures; and (c) cocultures of QF1193 WTþ /þ and pooled keratinocytes
were untreated (0), or treated with specific p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580 (10 mM) for 30min before exposure to UVR
(20mJ cm2), or [Nle4, D-Phe7]a-melanocyte-stimulating hormone (NDP-MSH) (20 nM), and then incubated for the time indicated. Proteins were later
extracted for western blot analysis with anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and anti-DDB2 antibodies. These experiments are
representative of two separate experiments and two different individual strains. Quantitation of DDB2 protein was carried out by normalization to
GAPDH expression and the numbers are indicated below each lane.
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impaired in the RHC variant strains even in the presence
of keratinocytes. Activation of p53 was not impaired
in this manner. In fact, its activation seemed to remain as
high as in the WTþ /þ cocultures. The levels of activation
of p53, which were similar to keratinocytes alone, suggest
that the increase was not due to the effect of stimulation
of melanocytic cells, but an innate keratinocyte response.
Therefore, p38 responses we have seen in the cocultures
are distinctive of the melanocytic cells in UVR distress,
and specifically dependent on MC1R expression in
these cells. This is consistent with most of the reports
previously published (Corre et al., 2004; Newton et al.,
2007; Corre et al., 2009; Mizutani et al., 2009), in which p38
activation was impaired in cells expressing an RHC
phenotype.
DDB2 protein levels were rapidly reduced in the MC1R
WTþ /þ monocultures after UVR and recovered later with
SB203580. This is consistent with other findings (Zhao et al.,
2008) that upon UV exposure, DDB2 was recruited and
bound to the DNA lesions and activated p38 then degraded
the bound DDB2 in order for other proteins such as XP-C to
repair the lesions. By inhibiting p38 activation with
SB203580, DDB2 was able to accumulate on the DNA
lesions without degradation through ubiquitylation and
maintain its protein level as seen in the post 2 hours UV
treatment. In support of this, reduced or no degradation in
DDB2 protein levels 1 hour post UV exposure in the MC1R
R/R variant MCs with or without SB203580 also indicates that
the absence of p38 phosphorylation may contribute to the
steady levels of DDB2 protein. Overall our result suggests
that p38 is essential in execution of DNA repair in MC1R WT
MCs, and the absence of p38 activation in MC1R R/R strains
apparently abrogated changes in the DDB2 protein levels
necessary for the NER process to occur and supports earlier
findings of p38 phosphorylation dysfunction in MC1R
variants (Newton et al., 2007) and its effects on DDB2
degradation (Zhao et al., 2008).
Degraded DDB2 protein recovered quickly 1 hour
post NDP-MSH treatment with p38 inhibitor and enhanced
DDB2 accumulation was observed 2 h post NDP-MSH
exposure with and without the inhibitor of the MC1R
WTþ /þ monocultures, but not in the MC1R R/R variant
strain. This may be due to the lower level of p38 activation in
the NDP-MSH-treated cells (Figure 3). It might also be an
outcome of increased p53 protein expression after stimula-
tion with NDP-MSH or UV as a report has shown that
basal p53 protein is immediately upregulated and lasts for a
shorter time period post UVR exposure (Itoh et al., 2003).
The excess p53 proteins would then enhance DDB2 protein
level, which is reduced immediately post UVR exposure, via
transcriptional activation of the DDB2 gene. Once DDB2 is
overexpressed, p53 is readily degraded by MDM2, and
DDB2 protein returns to normal basal levels. The changes we
have found upon NDP-MSH stimulation are similar to
previous findings (Adimoolam and Ford, 2003; Itoh et al.,
2003; Ford, 2005; Itoh, 2006), and support the notion
that DDB2 levels are likely regulated through the
transcriptional control of p53, with the DDB2 protein also
regulating p53 basal levels in melanocytic cells in the more
physiological environment of contact with keratinocytes.
Other proteins are also associated with the DDB2 protein
in executing proper NER responses upon stimulation.
Recently, Kadekaro et al. (2010) have reported that the
DDB1 protein, another essential repair proteins for NER
pathway (Wakasugi et al., 2001; Cang et al., 2007), was
upregulated by a-MSH, but reduced by UVR in MC1R WT
cells. This result complements our findings, as DDB2
interacts with DDB1 in executing DNA repair in photole-
sions. Furthermore, it is reported that XP-E patients defective
in their DDB2 gene developed melanoma at a higher rate and
at multiple sites (Oh et al., 2011).
The work presented supports the hypothesis that MC1R is
required to mediate the NER process through p38 activation
and the postulation that persons with RHC skin phenotype
are compromised in their ability to activate p38 and so
mediate DDB2 degradation. Dysfunctional DNA repair
ability might pose a significantly high risk for melanoma in
addition to the reduction of DCT expression and pigmenta-
tion responses that we have previously reported (Roberts
et al., 2008; Ainger et al., 2011). Improper execution of DNA
repair in individuals with the RHC phenotype might be a
major contributor to the pathological phenomenon seen in
melanoma development.
MATERIALS AND METHODS
Cell culture
Melanocytic cells and keratinocytes were isolated from anonymous
neonatal foreskin and tissue samples were genotyped at the
MC1R locus as described previously (Leonard et al., 2003;
Roberts et al., 2006, 2008). Cells were propagated separately as
monocultures before mixing into coculture at a ratio of 1:5. The
study was conducted according to the Declaration of Helsinki
Principles. The University of Queensland MREC and QIMR HREC
approved the ascertainment of foreskin tissue samples with parental
consent.
Treatment of cells
For quantitative real-time reverse-transcriptase–PCR and immuno-
blotting studies, cocultures of MBs and keratinocytes were mixed
and allowed to grow for up to 7 days in T25 flasks containing
0.5mM. Ca2þ dKSM with the addition of 20 nM NDP-MSH (Sigma
Aldrich, Sydney, New South Wales, Australia) or 10 mM forskolin
(Sigma Aldrich) 3 days after co-incubation. Fresh media changes
incorporating indicated days were made every 2 to 3 days. Cells
were harvested for protein and RNA extraction at days 1, 4, and 7
after treatment.
Cell extraction and western immunoblotting
After treatment of cells, T25 flasks were placed on ice and
rinsed with ice-cold phosphate-buffered saline. Then, 260ml
disruption buffer (PARIS Kit, Ambion, Austin, TX) was added and
70% portion set aside for RNA extraction, with the remaining 30%
being processed for western blotting by the addition of SDS
extraction buffer. Samples were run on SDS-PAGE gels and trans-
ferred onto nitrocellulose membranes for western blotting.
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RNA preparation and quantitative real-time reverse-
transcriptase–PCR
After NDP-MSH and forskolin exposure, the expression of DCT and
TYRP1 mRNA in cocultures of WT MC1R MBs and keratinocytes
was examined using quantitative real-time reverse-transcriptase–PCR
normalized against the housekeeping gene 18S rRNA. Total RNA
was isolated using a PARIS Kit (Ambion). DNAse treatment and
cDNA synthesis were carried out as described previously (Roberts
et al., 2007, 2008). TaqMan gene expression assays (Applied
Biosystems, Foster City, CA) were used as follows: DCT
(Hs00157244_ml); vimentin (Hs00185584_ml), and TYRP1
(Hs00167051_ml).
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